INTRODUCTION
Exercise can produce an imbalance between free radicals and reactive oxygen species (ROS) and antioxidants, resulting in oxidative stress. Despite a large number of existing studies, there is a great deal of controversy over whether oxidative stress and subsequent damage are truly associated with exercise. Exercise-induced oxidative stress is potentially influenced by exercise intensity and duration, subject's physical capacity, and environmental conditions [20] .
Strenuous outdoor cold-weather training is associated with increased oxidative stress [33] . Intensive voluntary short-term cold exposure during ice-bathing also induces oxidative stress [27] . Winter swimming has been suggested to contribute to increased free radical formation and accelerated lipid peroxidation [26] .
Obese individuals may increase radical production via increased exercise load from increased weight bearing during exercise [1] , and they have demonstrated decreased antioxidant defence function such as a reduction in erythrocyte antioxidant enzyme activities [19] . Evidence of obesity-induced oxidative stress has been accumulating in previous studies [14, 35] . Nieman et al. [17] reported that oxidative burst activity was slightly elevated in obese subjects, and Bouloumie
MATERIALS AND METHODS
Subjects. Subjects were 16 healthy male students, and were divided into an obese group (≥25% n=8) and lean group (<20%, n=8) based on percentage of body fat. All participants had not experienced exercise training in cold or neutral conditions for at least one year. Characteristics of the subjects are shown in Table 1 . The study protocol was approved by the Institutional Review Board of Keimyung University. Informed consent was obtained from all the study participants.
Experimental procedure
The percentage of body fat was estimated from the skinfold thickness of triceps, suprailiac crest, and thigh by Jackson's [10] and Siri's [28] equations. Skinfold thickness was measured using skinfold calipers (Skyndex, USA). In preliminary testing, a graded maximal exercise test was used for determination of VO 2 max. Subjects were asked to refrain from vigorous exercise 24 hours prior to testing.
Subjects started cycling at 60 rpm at 0.5 kilopond (kp) for 2 min.
Thereafter, the intensity increased 0.5 kp every 2 min with fixed 60 rpm until the subjects became exhausted. VO 2 was measured from samples of expired air samples taken until volitional fatigue. A Quinton metabolic measurement system (Quinton Inc. Seattle, WA, USA) and accompanying software was used for measurement of VO 2 , VCO 2 , ventilation (VE), and respiratory exchange ratio (RER). Heart rate was taken during each stage through continuous direct 12-lead EKG monitoring. VO 2 max was determined as the highest VO 2 that showed a plateau in spite of an increased exercise intensity attained during the test. Study variables were measured during 60 min submaximal exercise at 60% VO 2 max in neutral (ambient temperature: 21±1°C, relative humidity 65±2%) and cold conditions (ambient temperature: 4±1°C, relative humidity 30±1%). To minimize the effects of circadian rhythm, all exercise bouts including preliminary testing were performed between 2:00 and 5:00 pm, and at the same time of day for each trial. Trials were separated by 1 week to ensure complete recovery between trials, and were randomized in a counterbalanced order, with each subject serving as his own control. For the comparison of basic physiological responses, heart rate, blood lactate, and rectal temperature were measured at rest and six times at 10-min intervals during exercise and at 5, 10, 15, 30 min during the recovery phase after exercise. A flexible intravenous catheter (Venflon 1.2, BOC health care, Helsing , Sweden) was inserted for blood collection. After the subjects rested in bed for 30 min in either neutral or cold conditions for familiarization, the first blood sample was drawn at rest. After the resting blood sample, the subjects performed 5 min of warm-up cycling at 30-45% of VO 2 max, immediately followed by 60 min at the subjects' predetermined kp corresponding to 60% VO 2 max from preliminary testing in cold or neutral conditions, appropriately. The same clothing was worn in each exercise testing session.
Heart rate was measured using a heart rate monitor (Polar Electro OY PE3000, Finland), and blood lactate was measured from the fingertip by a lactate analyzer (YSI 1500, USA). Rectal temperature 
Statistics
Values are reported as the mean and standard deviation. Significant differences of dependent variables were analyzed using a two-factor (ambient temperature×group) repeated-measures ANOVA and a three-factor (during exercise time×ambient temperature×group) 
THREE-FACTOR REPEATED MEASURES ANOVA RESULTS FOR PHYSIOLOGICAL PARAMETERS AND SERUM LEVELS DURING EXERCISE

RESULTS
Heart rate increased during exercise (Figure 1) , and was significantly lower in the cold than the neutral environment (temperature main effect, F=7.466, P<0.05) in both groups (Table 2) . Heart rate responses also demonstrated a significant interaction (F=12.589,
P<0
.05) of group and time (Table 2) , and heart rate changed in both groups over time (P<0.05, Figure 1 ).
Blood lactate concentration in both groups tended to be lower in the cold than the neutral conditions, but these differences did not reach statistical significance ( Figure 2 ).
Rectal temperature also tended to be lower in the cold than the neutral conditions, but these differences were not significant between conditions or groups. However, there was a significant time×temperature×group interaction for rectal temperature (F=3.012, P<0.05). Rectal temperature was higher in the obese group than the lean group in neutral conditions, and the pattern of changes with time in the obese group was different between conditions ( Figure 3 There was also a significant time×temperature×group interaction effect (F=2.518, P<0.05). Serum SOD activity increased to a significantly (P<0.05) greater extent in the cold than the neutral conditions in both groups, and remained elevated for longer during exercise in the obese group than the lean group ( Figure 5 ).
DISCUSSION
The acute exercise effects on metabolic function depend on a complex interaction among factors related to exercise mode, intensity and duration, in addition to environmental conditions. In the cold, oxygen uptake and cardiovascular function during exercise are different compared to exercise in warm conditions, but these responses are also dependent on exercise intensity and duration [38] . In the present study, both obese and lean groups exhibited a lower heart rate in the cold than the neutral conditions during submaximal exercise. Heart rates are lower as a result of parasympathetic activation of the baroreflex receptor during exercise in cold as compared to warm conditions [30] . Parkin et al. [21] reported a lower tendency of heart rate without significance during fatiguing submaximal exercise in ambient temperature of 3°C as compared to 20°C. This blunting is more pronounced during the latter stages of exercise. In the present study this blunting of the heart rate was more evident in the obese group than the lean group. Exercise during cold exposure suppresses increase in body temperature, and increases blood flow to the skin to prevent a decrease in skin temperature. This effect is greater in individuals with less subcutaneous fat of the insulation function [39] . In cold conditions, the general vasoconstriction elevates central venous pressure, which ultimately leads to a decrease in heart rate [8] . We supposed that non-obese subjects showed a lower response of vasoconstriction as compared to obese subjects in exercise during cold exposure.
Submaximal exercise during cold exposure is accompanied by higher blood lactate concentrations as a result of lower aerobic metabolism and reduced clearance of lactate [29] . However, in the present study blood lactate concentration in both groups tended to be lower in the cold than the neutral conditions. These unexpected results could be due to lower peripheral circulation following vasoconstriction [7] , greater activation of the sympatho-adrenal system [3] , and greater lipid metabolism than glucose metabolism during exercise in cold as compared to warm conditions [31, 11] . Peripheral vasoconstriction decreases peripheral blood flow and reduces convective heat transfer from the body's core to skin during cold exposure. Consequently, heat loss is reduced and core temperature is maintained. Moreover, metabolic heat production can be high enough during exercise to compensate for increased heat loss and allow core temperature to be maintained during exercise in cold conditions. Therefore, metabolic heat production likely has a greater influence on core temperature during exercise in cold than warm conditions. Layden et al. [15] found heat production to be sufficient for maintaining core temperature during exercise for 90 min at 64% VO 2 max in cold conditions. Body composition can also influence core temperature in ambient conditions via differences in metabolic responses, such as catecholamine-mediated responses and mobilization of free fatty acids. Contaldo et al. [5] reported that cold-induced metabolic responses were low in obese as compared to lean subjects.
In extreme cold stress situations when skin blood flow is minimal, fat mass is known to be important in preventing a decrease in core Oxidative responses to submaximal exercise in obese temperature [37] . Van Ooijen et al. [32] suggest that even in mild cold, the fatness of a subject might play a role in insulation. In the present study obese subjects showed a higher rectal temperature than lean subjects during exercise in neutral conditions. Therefore, extra subcutaneous fat in obese subjects may prevent heat loss, resulting in higher core temperature than lean individuals during exercise in neutral conditions.
Obese individuals may increase muscular work from carrying excessive weight, and this could subsequently increase radical production through increased oxidative phosphorylation and electron leakage in the electron transport system [1] . Several metabolic parameters may predispose the obese individual to oxidant stress, including increased oxygen demand for muscle metabolism, decreased antioxidant function, and increased lipid level. Therefore, obese individuals may be at greater risk of health complications associated with oxidative stress [9] . Plasma lipids are oxidized at a greater rate in obese subjects compared with non-obese subjects [22] . Vincent et al. [34] suggested that obesity exacerbated the elevated lipid peroxidation levels after exercise regardless of exercise modality, and aged obese women were at a greater risk for oxidative stress compared with their non-obese counterparts [36] .
This study expected to find a significant increase in serum MDA concentration as a marker of lipid peroxidation [13] in obese subjects after exercise while breathing cold air. The results showed that although serum MDA concentration tended to be higher during exercise in the cold versus warm conditions, the differences did not reach statistical significance. In agreement with this investigation, previous studies by Alessio et al. [1] and Quandry et al. [24] have also found no alteration in MDA levels. Quandry et al. [24] suggested that the blood oxidative stress response was an effect of exercise intensity rather than absolute metabolic workload. This concept may highlight the importance of regular exercise training in preventing activityrelated oxidative stress, because blood oxidative stress -as indicated by increased plasma MDA concentration -occurred at maximalintensity exercise, but was not observed after submaximal intensity exercise [24] .
Interestingly, serum SOD activity increased to a significantly greater extent (P<0.05) in the cold than the neutral conditions, and remained elevated for longer during exercise in the obese group than the lean group. This finding suggests that obesity and a cold air environment challenge antioxidant defences during submaximal exercise. Antioxidant enzymes such as SOD provide the primary defence against ROS generated during exercise, and this enzyme activity is known to increase in response to exercise [2] . An acute bout of maximal exercise has been shown to increase SOD activity, and this activation of SOD was proposed to result from increased free radical production during exercise [1] . In contrast, Ohno et al. [18] did not find an increase of SOD activity during submaximal exercise below the lactate threshold. Enzymatic antioxidant activity increase at first for adaptation followed by decrease as utilization during exercise [6] , the remaining elevation of serum SOD activity for longer duration indicates the challenge of antioxidant defence in obese subjects.
The present findings indicated increased SOD activity in obese individuals during submaximal exercise in the cold. Osorio et al. [20] suggested that oxidative stress is higher during exercise in the cold compared to warm or hot conditions. The interaction of exercise with cold induced significant oxidative stress. In the present study, increased SOD activity of the obese is partial evidence of oxidative stress during submaximal exercise in cold conditions. Although we should have analysed the isoforms of SOD for the exact exerciseinduced oxidative stress [23] , this study only analysed serum SOD activity. Therefore we could not confirm whether this was associated with oxidative damage to cells.
CONCLUSIONS
In conclusion, the blunting of heart rate was more evident in the obese group than the lean group during exercise in cold conditions.
Blood lactate concentration and rectal temperature in both groups tended to be lower in the cold than the neutral conditions. As obese subjects had a greater extent and longer duration of SOD activity in cold conditions, cold weather exercise may challenge antioxidant defence mechanisms, while lipid peroxidation remains unchanged.
Further work is warranted to study the interaction between obesity and exercise-induced oxidative stress in cold ambient conditions.
